of artist's palette on a 16th century wood panel painting by portable and laboratory Raman instruments. Vibrational Spectroscopy, Elsevier, 2016Elsevier, , 85, pp.62-70. 10.1016Elsevier, /j.vibspec.2016 The pigments (white lead, calcite, cerussite, litharge, vermilion, minium, azurite, lapis lazuli, indigo) and other ingredients (gypsum, egg and terpenic resins) detected during the study of are in accordance with the stylistic dating.
Introduction
Pigments and binders identification in paintings is very important to document the history, provenance, dating and artist's palette. Preferred analytical techniques are those preserving the integrity of the sampled material, or much better the in situ, non-invasive techniques, and recording spectra of small volumes (not more than 1-5 μm 3 ) of organic and inorganic materials. In recent years, the use of Raman and infrared vibrational spectroscopies for the non-destructive characterization of art objects [1] [2] [3] [4] [5] [6] [7] has become dominant, especially with the rapid development of portable spectrometers for on-site measurements [8] [9] [10] [11] [12] . The varnish covering, however, makes the direct recording of the pigments signature and stratigraphy difficult for most of the paintings.
On site Raman micro-spectroscopy has proved its efficiency for more than 10 years in the study of different artworks [13, 14] . Analysis of ancient wood panel paintings is however very limited: to our knowledge, only two medieval painted artefacts, a 14 th century wood panel painting and a sculpture, have been comprehensively studied [15, 16] , but not using vibrational spectroscopy. Samples from 16 th century Perugino paintings [17] and 15 th century ceiling panels [18] have been analysed using FT-IR in combination with elemental analysis (SEM-EDX). Very recently similar works has been made for 14 th and 16 th century panels, namely using alternative techniques (XRF, NMR, XPS) [19] [20] [21] . Comprehensive analysis with vibrational spectroscopies was only conducted on 17 th century paintings [22] and more recent paintings have been studied by wide spectral range hyperspectral imaging [23] . Fluorescence generally overcomes the Raman signal recorded on ancient paintings, because of the use of solvents and glues. Collecting spectra requires the analysis of many samples, their preparation in order to find fluorescence-free spots and the testing of different excitation laser lines. Studies on icons [24, 25] are more numerous, the different painting technique making the measuring conditions more convenient.
We will consider here a painting on a flat wood panel. The artwork probably was an altarpiece (Fig. S1 , Supplementary Materials): the only information available is the stylistic dating by Blanc Monique, a Middle Ages specialist, who placed it at the beginning of 16th century, just when canvas paintings began to become more popular than wood panels paintings. The artwork was originally composed of three parts -now incomplete -and probably represented the Lamentation on the Dead Christ: the Christ's body lies in the arms of the Virgin Mary and is accompanied by two unidentified figures. In the upper left part of the board an angel is visible, while on the right only the wings of another figure can be seen.
Our objective was to evaluate the use of Raman spectroscopy using portable, transportable and fixed instruments for the non-destructive identification of the ingredients employed in the realization of a wooden panel painting in order to collect information about the artist's palette. Due to the very limited number of Raman studies on ancient wood panel paintings, we try here to establish the methodology on a wood panel belonging to a private collection, the owner giving the permission to recover small scales fallen down and to collect a few samples. The experience gained should permit further studies on artefacts with known pedigree, especially to document the stratigraphy. The infrared absorption spectroscopy (FT-IR) was used as a complementary technique to detect and classify the organic substances. Additional analyses like X-ray fluorescence (XRF) and gas-chromatography coupled with mass spectroscopy (GC-MS) have been carried out to get more information about the protective layer, to determine if some kind of resin is present.
Experimental
The painting consists of two wooden panels, but only the right one was selected for analysis (1.55 m x 0.26 m, thickness ~2.5 cm, Fig. S1 , Supplementary Materials).
Mobile Raman spectroscopy
Investigation with mobile Raman instruments was made using HE785 and HE532 
Optical microscopy
The samples were observed with a BX51 (OLYMPUS, Japan) optical microscope equipped with 5x, 10x, 20x, 50x and 100x objectives, without any preparation, in order to have conditions similar to on-site analysis. As above mentioned, the sample was positioned in the groove to have the section horizontal ( Fig.1 ).
Laboratory Raman spectroscopy
Three confocal Raman spectrometers with exciting wavelength varying from 532 to 1064 nm working in backscattering configuration were exploited: i) A Senterra (Bruker Optics, Karlsruhe, Germany) micro-spectrometer equipped with a Peltier-cooled CCD matrix and two laser sources (YAG 532 nm and diode 785 nm). A 100x long working distance OLYMPUS objective was selected (spot diameter ~5µm). The power range on the sample's surface was between 10 and 25 mW, for typical 3 x 80 s acquisitions. Note the design of this instrument makes its transportation out of the laboratory fast and easy.
ii) A confocal Raman microspectrometer LabRam Infinity (Dilor, Lille, France), equipped with a Peltier-cooled CCD matrix and a microscope with horizontal and vertical exits, and with two laser sources: YAG and He-Ne (532 and 633 nm, respectively). A 100x long working distance OLYMPUS objective was selected. The laser power on the sample surface was kept between 0.1 and 5 mW. This instrument is transportable.
iii) A Fourier transform (FT) Raman RFS100/S micro-spectrometer from Bruker Optics (Ettlingen, Germany), with a 1064 nm YAG laser excitation and 100x and 40x OLYMPUS objectives optimised for IR wavelengths. It was equipped with a Michelson interferometer and a liquid nitrogen germanium detector. Typical parameters of analysis were 55 mW as power on the sample's surface, and 3,000 to 10,000 scans.
With the Senterra spectrometer operating at 785 nm, the analysis was made at low excitation power on the sample in order to avoid/limit photo-oxidation phenomena.
Absence of degradation was controlled by microscope examination. When needed, the Raman spectra are baseline subtracted with LabSpec 5 software (Horiba Scientific Jobin-Yvon).
Infrared spectroscopy
The IR spectra were recorded with an ATR Equinox 55 set-up associated with a FTIR Irscope II microscope with Cassegrain objectives able to work in transmission or reflection. Both instruments are from Bruker Optics. Spot diameter ranges from 30 to 4000 μm. A second series of analyses was carried out with a spectrophotometer NICOLET MOD. 5700, provided with software implemented by THERMO ELECTRON SPA, coupled with ATR accessory and diamond crystal.
The ATR-FTIR technique was applied both on raw and powdered fragments but the pressure of the analyser's crystal caused the crumbling of the raw samples. It was possible therefore to obtain information on different levels: the first spectra acquired may be referred to the surface, while the subsequent ones to the wood and preparatory layers. The most representative spectra will be discussed.
Additional analyses
Additional analyses by XRF and GC-MS were carried out in order to investigate the composition of the brown colour and to obtain more information about the protective layer as exemplified in previous works [26, 27] . XRF measurements were made using a BRUKER ARTAX 200 spectrometer (Bruker AXS, Karlsruhe, Germany) equipped with molybdenum source, at an electric accelerating potential of 50 kV and a current of 700 μA.
GC-MS analyses were performed on a solid-phase micro-extraction coupling with gas chromatography and mass spectrometry (SPME-GC-MS) using a Stableflex fiber and 85 µm Carboxen/PDMS coating. For each analysis, the blank spectrum was recorded in identical conditions and the identified compounds were subtracted. In this way only the additional peaks were analysed. Peaks positions and relative intensities were compared to the mass spectra recorded on standards. Note that chromatograms are required in total ion current (TIC) mode. For the gas chromatographic separation, a fused silica capillary column Restek Rxi 1ms (55 m x 250 µm, 1 µm film thickness) and He as carrier gas were used; the injector was in splitless condition mode at 270 °C. The extraction time was 80 min at 50 °C. The MS transfer line temperature was 280 °C.
Results and discussion

Stratigraphy
The studied fragments were of approximate area up to 0.8x0.9mm 2 . The samples were observed with an optical microscope both on the surface and on the stratigraphic section in order to locate the points of interest for further analysis. As shown in Fig. 1 , the sample stratigraphy evidences different layers: the wooden board, (many) preparatory coatings, the pictorial layer and a final darker layer, due to a protective layer and/or degradation of the painting. The preparatory films were about 200-300 μm thick, the painting layer about 400 μm (red samples were thinner) and the upper one approximately 10-20 μm.
Raman analyses with mobile instruments
Raman spectra recorded with HE532 portable spectrometers on the painting top surface and on the sample section exhibit a huge fluorescence. Thus, the identification of pigments and binders was impossible. Conversely, the analyses carried out with portable HE785 set-up directly focussing the laser on the painting layer or on the small fragments sampled, allowed identifying some of the pigments employed by the artist.
Regarding the blue sample taken from the Virgin veil, a typical spectrum with portable Raman HE785 was completely masked by huge fluorescence (Fig. 2a) . In the Christ body the white pigment was identified as a mixture of basic lead (II) carbonate, 2PbCO3·Pb(OH)2 [13, 14, 28] , known as "white lead", with its intense peak at 1054 cm -1 , and of calcium carbonate, or calcite, with the most intense peak at 1085 cm -1 [28, 29] (Fig. 2b) . Another pigment detected by portable Raman instrument in the Christ body flesh tone was identified as α-mercury (II) sulphide, or vermilion, with typical peaks at 251, 285 and 341 cm -1 [13, 14, 30] (Fig. 2c). (Fig. 3b) . Both compounds were visible with all laser sources used, excluding the 532 nm one. In the Raman spectrum of a sample, taken with the 785 nm excitation, the features of vermilion are also evidenced (Fig. 3c) . In addition, weak Raman signals at 1051, 1307, 1442 and 1600 cm -1 , attributed to a proteic binding medium [33] [34] [35] [36] , were found by FTRaman in the white sample coming from the Christ flesh tone (Fig. 3d) .
Characterization by fixed laboratory Raman and infrared instruments
Raman analysis
The Raman spectra recorded on a red sample from the Christ flesh tone are shown in Fig. 4 .
The spectra taken with the laser sources at 532 and 785 nm have shown the presence of tetragonal lead (II) oxide (litharge) with peaks at 85, 140, 279 and 373 cm -1 [13, 14, 32] (Fig. 4a) . Vermilion was identified as the main pigment chosen for the realization of flesh tone: its very intense spectrum, with peaks at 254, 284 and 343 cm -1 [30] (Fig. 4b-c) , was usually found in this sample with all laser lines except at 532 nm. The higher difficulty to observe vermilion with the 532 nm laser line should be attributed not only to the higher fluorescence but also to the lack of resonance effects [34] . Minium was detected by all the dispersive Raman systems (at 532, 633 and 785 nm), identified by its characteristic peaks at 124, 154, 227, 316, 392 and 550 cm -1 [32] (Fig. 4d) ; note that this compound was rarely found mixed with vermilion. Fig. 5 reports the Raman spectra obtained on the Virgin veil and on the sky. In the sample taken from the light blue sky, the main pigment is azurite, a basic copper (II) carbonate, detected with all the instruments, except when using the 633 nm line. In Fig. 5a are shown the weak peaks of azurite at 248 and 400 cm -1 detected by the 532 nm laser source [13, 14, 37] . In the sky, azurite is usually found together with white lead. Indigo, an organic dye extracted from the Indigofera tinctoria, was also detected as secondary blue pigment in the sky fragment. In the dark blue of the Virgin veil, indigo was clearly identified as the main pigment by its Raman peaks at 253, 390, 277, 546, 599, 756, 1226, 1310, 1572, and 1584 cm -1 [38, 39] when exciting at 633, 785 and 1064 nm ( Fig. 5b-d ; see an example of a baseline-subtracted spectrum in b'; baseline subtraction highlights the small bands detected on the raw spectrum). On the same sample, the 1064 nm excitation gave the Raman spectrum of indigo, with some features of azurite (Fig. 5d) . With the 785 nm wavelength, the feature at 546 cm -1 reveals the presence of lapis lazuli [40] [41] [42] (Fig. 5b) . The latter pigment was most likely mixed in little quantities with indigo to deepen the blue mantle of the Virgin Mary. Thanks to the red laser source at 633 nm, in a light blue sample from the sky it was also possible to identify calcium sulphate di-hydrate (gypsum), by its strongest peak at 1008 cm -1 (Fig. 5c) [13] .
In the brown sample coming from the Christ cloth, only the red/orange pigments were detected. In particular, diffuse minium signals were found at 633 and 785 nm. Minor vermilion was also detected, using all the laser lines except the 532 nm one. Table 1 summarizes the pigments identified by Raman microspectroscopy and compares the efficiency of portable, transportable and fixed instruments excited with different lasers: the portable laser source 532 nm (3 compounds identified) gave Raman spectra mostly affected by fluorescence, which prevented identification of most pigments. The portable Raman spectrometer with laser source 785 nm identified only 3 pigments: the use of a 40IRx objective promotes the detection of the scattered light. The pigments identified were vermilion, white lead and calcite, while no blue pigments has been detected. On the other hand, using a 785nm (transportable) instrument, 12 ingredients were identified to be compared to the 10 and 8 compounds identified with 633 (transportable) and 1064 nm (fixed) ones.
Infrared analysis
In Fig.6 are reported representative ATR-FTIR spectra obtained.
White lead was identified in all samples by the ATR-FTIR technique by the bands at 681, 1380-1440, 1710-1730 and 3534 cm -1 [43] . In addition the infrared signatures of calcite were observed at 714, 870, 1410 in all samples (Fig. 6 b,c,d ).
The ATR-FTIR spectrum of the blue sample (Fig. 6a, b) shows a contribution at 1032 and at 1094 cm -1 (Si-O stretching), which can be compatible either with traces of lapis lazuli or with glass/smalt [41, 42] ; azurite was also identified through its IR characteristic absorption band at 1404 cm -1 [43, 44] . Indigo was difficult to detect due to its mixture with white lead, which shows high IR absorption, but in some spectra his characteristic peak at 1076 cm -1 was observed [38] .
For the brown coloured sample, ATR-FTIR gave the spectra of calcite, gypsum, with his characteristic signatures at 600, 670, 1110, 1795, 3403, 3531 cm -1 [45] (Fig. 6d) , and white lead, likely used as preparatory bases for the painting layer. Minium was also detected by the infrared sharp peak at 1514 cm -1 [43] (Fig. 6b-c) .
Concerning the red fragments taken from the Christ flesh tone, identification of vermilion by infrared spectroscopy was not possible due to the absence of signal from the Hg-S bond [43] .
ATR-FTIR features from the wood layer were detected (Table 2) . [46, 47] In all samples the signatures due to the binder were identified: in particular the peaks at 2920, 2850 (C-H stretching) and 1730 cm [34] [35] [36] 44, 48] . The detected peaks are compatible with the egg tempera technique (Fig.6a) . The C=O vibration of free fatty acids and the characteristic O-C-O stretching band of calcium oxalates were identified at ≈1710 and 1320 cm -1 , respectively: both are known to be the result of organic binders' degradations phenomena [33-36, 48,49] . A strong peak at 1696-1698 cm -1 and other bands at 1453 and 1379 cm -1 , ascribable to the deformation of CH2 groups, suggest a terpenic resin [50] . The comparison with a spectrum of fresh fir tree resin confirms this hypothesis (Fig. S2, Supplementary Materials) . Overall, 7 pigments were identified.
Additional information obtained by XRF and GC-MS analysis
Trying to complete the characterization of the brown sample collected from the Christ's cloth, the fragments were investigated with X-ray fluorescence spectroscopy (XRF). Under an optical microscope, some brown fragments indicate the presence of a green pigment coupled with a red one. The XRF data showed a high content of metals, including Pb, Cu, Fe and K (Fig. 7) . The presence of lead is consistent with the presence of minium, already detected by Raman spectroscopy. Copper could be related to pigments used as blue or green components to obtain the brown colour.
The characterization of the painting's final layer was made by GC-MS. The samples were analysed with the aim of identifying volatile products. The first sample showed -pinene, a second terpene, canphene and its ester, CAS 000475-20-7 longifolene, borneol, CAS 003310-02-9 sabinol and CAS 001196-01-6 laevo-verbenone; while the second sample presented -pinene, copaene, azulene derivatives and Trans-pinocarveol (Table S1 , Fig. S3, Supplementary Materials) . These are all compounds of natural origin, which can be found particularly in essential oils as expected in ancient varnish.
Conclusion
The pigments (white lead, calcite, cerussite, litharge, vermilion, minium, azurite, lapis lazuli (+smalt?), indigo) and other compounds (gypsum, egg and terpenic resins) detected during the study are in accordance with the stylistic dating (beginning of the 16 th century).
This study enabled to evaluate and compare fixed, transportable and portable instruments in the characterization of pigments and binders used for the preparation of a wood painting. In most of the cases, for the instrument with laser source at 532 nm, fluorescence prevented obtaining Raman spectra, while the laser source at 785 nm, equipped with a camera helping the selection of the analysed spots, allowed identifying only part of the pigments. As expected, more sophisticated Raman spectrometers, and especially those with 633 and 785 nm excitation, were effective to determine a high number of compounds (12 and 10, respectively) employed for the artwork investigated, either organic or mineral, in the preparatory and painting layers. By the ATR-FTIR technique the bands concerning the wooden support were easily detected and the media used for the painting were identified. The preparatory layers were made of calcite/gypsum and the glue and the pigments were applied according the egg tempera technique.
In addition, some preliminary information about the use of a terpenic resin as protective layer for the painting has been obtained by GC-MS analyses. Fig. 1 . Spectra recorded on different fragment sections under 785 nm laser wavelength excitation with a portable HE785 spectrometer. 
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